2 Policy direction for assessing and responding to climate change effects Intensive research on climate change over the past two decades has led most scientists to conclude that significant climate shifts and increased climate variability are already under way, and that this trend will continue for many centuries into the future (IPCC 2007) . There is also general scientific consensus that the increasing concentration of greenhouse gasses in the atmosphere is accelerating these changes to a rate that has seldom if ever been experienced by natural or human systems (IPCC 2007) . While research continues on ways to slow this process and mitigate climate change, it is clear that there is an urgent need for strategies for adaptation of natural and human systems in response to climate change effects to "moderate harm and exploit beneficial opportunities" (IPCC 2001) . This is a particular challenge for the management of forests. Most of forest science as we know it today was developed during the past two centuries, during a time of relative climate stability. Much of our understanding of the functioning of forest ecosystems and their response to disturbance or human intervention presumes a continuation of this relative stability. Prevailing strategies for conserving certain forest ecosystem values, such as native biological diversity, are also based upon this premise, assuming that animal and plant species will be protected by creating landscape preserves in their current geographic habitat range.
In forest management, it is widely assumed that successional patterns are stable over time, such that the effect of forest management activities can be predicted and directed with a high degree of confidence. What changes in climate might be taking place were slow in comparison with the typical rotation lengths of important tree species and other human uses of forest ecosystems (Peterson et al. 2011) . The rate and magnitude of climate change that has already been experienced in temperate, boreal, and tropical forest ecosystems has already largely negated this concept of climate stability, and significantly diminished the ability to estimate future changes in these ecosystems (Milly et al. 2008) .
In the USA, planning and management for adaptation to climate change in the conservation and sustainable management of forests are still in the very early stages. Federal land and resource management agencies in the USA have been slow to incorporate climate change into their existing processes for strategic and operational planning (GAO 2007 (GAO , 2009 . This is largely due to four factors: & Insufficient local information on climate change effects & The magnitude and uncertainty of potential effects on ecosystem structure, processes, and function & The lack of institutional capacity-largely personnel and funding-to address a major new area of responsibility & The absence of a policy mandate to incorporate climate change into the operations of federal land and resource management agencies (Peterson et al. 2011) In 2008, the US Forest Service issued its Strategic Framework for Responding to Climate Change, which provided overall policy direction within the agency, but lacked guidance that forest managers needed to translate conceptual goals into tangible forest management and planning actions (US Forest Service 2008) .
In 2010, this policy direction was followed by implementation guidelines for climate change adaptation actions (US Forest Service 2010). These guidelines were to be applied primarily on the 78 million hectares of National Forests directly managed by the agency, but they were also incorporated into the Forest Service's broader mission-as the leading forest management organization in the USA-for research, education, and technical assistance in support of sustainable forest management on state, tribal, private, and other nonfederal lands in the USA.
These implementation guidelines provided direction to local forest managers on how to (1) assess current risks, vulnerabilities, and gaps in knowledge, (2) engage internal agency resources and external partners in the development of options and solutions, and (3) manage forest resources for resilience, not just in terms of natural ecosystems but in affected human communities as well. Explicit consideration of climate change effects on local forest management activities is currently being incorporated into the federal regulations associated with the National Forest Management Act (16 U.S.C. 1600), one of the primary statutes that guide Forest Service programs and local-level planning.
Development of a decision approach to guide forest management responses
These new policy directives are intended to guide field-level forest managers in translating climate change concepts and goals into actions, but resource managers need information and tools that will enable them to make specific decisions, develop concrete practices, and take timely action on the ground to address current and expected climate change effects (Peterson et al. 2011) .
In response to this need, the US Forest Service has brought its research stations and National Forests together in "science-management" partnerships "to develop scientific bases for adaptation and find effective ways to communicate and implement this knowledge" (Peterson et al. 2011) . The science-management partnerships facilitate two-way learning. Field managers can communicate to scientists their observations about changing circumstances in their own locale. Scientists can then help extract and communicate the specific aspects of current climate science that can be melded with managers' field observations and their first-hand knowledge of the lands under their care. The decision approach typically followed by the science-management partnerships includes:
& Increasing awareness of basic climate change science and integrating that understanding with knowledge of local resource conditions and issues & Evaluating the sensitivity of natural resources to climate change & Developing and implementing options for adapting resources to climate change & Monitoring the effectiveness of on-the-ground management and making midcourse adjustments as needed
The third step-developing and implementing a range of options-encompasses at least four alternative strategies to ensure sustainable resource management that continues to meet conservation goals (Peterson et al. 2011): (1) resistance, actions that enhance the ability of systems to resist the effects of climate change and maintain values and ecosystem services in desired conditions; (2) resilience, increased capacity of an ecosystem to withstand or absorb increasing effects without irreversible changes; (3) response, working directly with climate-induced changes to assist transitions to future states by minimizing undesired outcomes; and (4) realignment, using restoration to enable ecosystem functions to be sustained through changing climate 4 Case study in Olympic National Forest/Olympic National Park
The decision approach described above was used in a case study on the Olympic Peninsula, a heavily forested area of 6,300 km 2 in northwestern Washington State, USA. Elevation on the peninsula ranges from sea level to 2,427 m. The topography of the peninsula results in varied climatic conditions, from a wet, humid maritime climate on the west to a dry, continental climate east of the mountainous central portion of the peninsula. This case study was undertaken by the US Forest Service and the US National Park Service, which together manage most of the lands on the Olympic peninsula (Olympic National Park, and the surrounding Olympic National Forest), to develop: (1) an understanding of regionally applicable climate change science and potential impacts and (2) specific strategies and actions for climate change adaptation (Halofsky et al. 2011b) . Natural resource specialists at Olympic National Forest and Olympic National Park chose to focus the study on: forest vegetation management, wildlife habitat management, fish habitat management, and hydrology and road system management. Hydrology and road system management was included as a focus area because the Forest Service and National Park Service manage more than 3,700 km of roads on the Olympic Peninsula. Most of these roads were built decades ago, primarily for logging purposes, using practices not consistent with today's standards. The high number of roads, heavy rainfall, steep slopes, frequent storm damage, and high recreational demand for well-maintained roads all lead to road maintenance being one of the major management activities on the peninsula, and one that affects both forest vegetation and habitat for fish and wildlife.
The process used for each focus area consisted of: (1) a literature review and assessment of the sensitivity of vegetation, fish, wildlife, and hydrology and roads to climate change; (2) a review of current management practices and constraints; and (3) development of adaptation plans of action through collaborative workshops, involving research scientists and resource specialists (e.g., botanists, geneticists, wildlife biologists, fisheries biologists, and hydrologists) from the Forest Service and National Park Service. Results of this process for each focus area are described below.
Adapting forest vegetation management to climate change
During a science-management workshop focused on adapting vegetation management to climate change, resource managers from Olympic National Forest and Olympic National Park identified four central goals for vegetation management on the Olympic peninsula (Halofsky et al. 2011a ): maintain functioning ecosystems (not necessarily the same species or communities), maintain biodiversity, increase ecosystem resilience, and increase capacity to restore forest lands following large disturbance.
Based on an analysis of the vulnerability of the existing habitat types and their sensitivity to changing ecological processes (Halofsky et al. 2011a) , four overarching priorities were identified by managers: (1) increase thinning (reduce competition in young growth, maximize tree growth and vigor, maximize tree species diversity and retention of minor tree species, and decrease forest density to increase drought resilience and promote shade intolerant species); (2) maintain seed inventory with high quality seed for a range of species; (3) develop gene conservation program for long-term storage of ex situ seed collections; and (4) identify areas for in situ gene conservation.
Adapting wildlife habitat management to climate change
The wildlife species assessment, involving a series of three science-management workshops, assisted in initially identifying species and groups of species that will likely be more sensitive to climate change on the peninsula (Halofsky et al. 2011c ). The sensitivity assessment process indicated that specialist species and species that use sensitive habitats will likely be more sensitive to climate change than more generalist species and species that use less sensitive habitats. Two overarching priorities emerged from the analysis of projected sensitivities of wildlife species to climate change and potential adaptation strategies and actions (Halofsky et al. 2011c ): (1) increase wildlife habitat resilience (planting native species that will respond favorably to climate change; protecting headwaters streams to increase connectivity and protect cold water flows; restoring degraded sites; and creating wetlands); and (2) intensive monitoring (prioritize monitoring of species most likely to be impacted by climate change; conduct surveys to obtain baseline information, locate potential migration corridors, and determine when population changes are occurring; survey post-fire regeneration for invasive species).
Adapting fish habitat management to climate change
The overall goal of fish habitat management at Olympic National Forest and Park is to maintain or restore diverse, resilient habitat capable of supporting native fish populations over the long term (Mantua et al. 2011) . Recent habitat restoration efforts have typically attempted to maintain or recreate key watershed processes and functions, assuming that doing so would eventually recreate the historical river morphology and habitat conditions. Current restoration efforts are generally consistent with actions that will lead to increased ecosystem resilience under changing climate. However, increased restoration efforts and proactive management in priority areas will likely increase ecosystem resilience to climate change (Mantua et al. 2011) .
In science-management workshops, managers identified specific management goals, including to: (1) recognize that existing channel conditions may not accurately represent future conditions, (2) monitor for early indications to determine how quickly climate-related changes are occurring, and (3) use this information to establish and adjust management priorities (Mantua et al. 2011) . Initial priorities include: prevent the loss of headwaters habitat, restore habitat in degraded headwater streams that are expected to retain adequate summer stream flow, restore watershed processes and function and create diverse habitat, and control spread of exotic species, through monitoring and public education 4.4 Adapting road system management to altered hydrology Across the western USA, increasing temperatures over the past 50 years have led to more precipitation falling as rain rather than snow, earlier snowmelt (Hamlet et al. 2007; Stewart et al. 2005) , and reduced spring snowpack (Barnett et al. 2008; Mote 2003; Mote et al. 2005) . Further reductions in snowpack and shifts in timing of snowmelt are expected with increasing temperatures in the twenty-first century. April 1 snow water equivalent (a measure of water in snowpack) is projected to decrease by an average of 27-29 % across Washington state by the 2020s, 37-44 % by the 2040s, and 53-65 % by the 2080s (Elsner et al. 2010) .
Changes in snowpack are particularly important for the mountainous regions of the western USA, including the Pacific Northwest, because snowmelt provides approximately 70 % of annual stream flow in these regions (Mote et al. 2008) . Warming temperatures affect the timing of snowmelt and associated seasonal stream flow. Both increased winter rain (as opposed to snow) and shifts to earlier spring snowmelt result in higher winter and spring stream flows and lower summer stream flows in snowmeltdominated and transient (rain/snow mixed) watersheds (Elsner et al. 2010; Stewart et al. 2005) .
Projected hydrologic effects of climate change will likely affect physical watershed processes. Increased precipitation and storm intensity, higher snowlines, and loss of snow cover are expected to lead to increased rate and volume of water delivery to channels, increased mass wasting and debris flows, and increased sediment and wood delivery to streams (Benda and Dunne 1997) .
Road management is a major activity at both Olympic National Forest and Olympic National Park. Assessing current road maintenance and operations tasks in the context of climate change can inform managers of necessary changes. Anticipating the effects from changes in watershed processes also informs the design of roads and related structures. The goal of road management at Olympic National Forest and Park is to provide a safe and economical transportation system to meet the access needs of various users while minimizing potential adverse impacts to other resources.
Key adaptive actions identified in this study are: (1) prioritize road system risks, recognizing that roads adjacent to streams are most vulnerable to damage, and (2) consider whether road relocation is the best option in terms of future expense (Halofsky et al. 2011d) . Site-specific analysis is needed to evaluate the density, location, design, and maintenance intensity of roads and related structures in the context of climate change to avoid escalating road maintenance costs associated with climate-related impacts. Roads in valley bottoms are particularly susceptible to flood damage, and moving these roads to other locations, when possible, may be desirable. Roads within or downslope of transient snow zones or snow-dominated areas will likely be subjected to increased flood damaged because of more precipitation in the form of rain and increased storm intensity. These roads may require more intense treatments or more frequent maintenance. Increased flexibility in forest road management policies will allow management actions to shift more rapidly in response to new information on climatic changes and ecosystem response (Halofsky et al. 2011d) .
Conclusions
The decision approach described here produced specific and tangible ways for Olympic National Forest and Olympic National Park to incorporate climate change adaptation strategies into management. Direct engagement of scientists and managers in workshops facilitated development of science-based adaptation strategies. The success of the process required strong commitments by all parties, individuals dedicated to facilitating the process, focused time from staff specialists, sufficient time to establish a common foundation of information among participants, bracketing of discussions by focus area to increase specificity of adaptation tactics, and synthesis across focus areas.
The workshop series was useful to begin the conversation on how climate change may influence land management and to identify adaptation actions, but future work is necessary to refine ideas, implement them on the ground, and monitor their effectiveness over time. Initial discussions in group settings are often general to explore varied perspectives and solicit ideas. In future efforts, additional structure may help in the development of more specific adaptation options. Balancing between soliciting input from many people in workshops and having a group that is sufficiently small to enable discussion was a challenge in this effort. A desirable next step is to include other partners in a broader climate change adaptation discussions on the peninsula. Future iterations of a process such as the one used in this study will also likely lead to better-informed adaptation actions by natural resource agencies.
US forest scientists, managers, and stakeholders are moving forward on many fronts to improve scientific understanding of climate change effects on forest ecosystems, and to develop information on how forest management activities can reduce the vulnerability of natural and human systems to actual or expected climate change effects. Clear policy directives have helped establish climate change adaptation as a priority within the US Forest Service as the leading forestry organization in the USA, not just in the management of federal forest lands, but in research, education, and technical assistance in support of the conservation and sustainable management of all forest lands across the nation.
Major challenges lie ahead in understanding and anticipating the diverse effects of climate change on the temperate, boreal, and subtropical forest ecosystems represented in the USA. Even greater challenges may confront forest managers who are striving to protect the health and productivity of forest resources for a multitude of goods, services, and values. Given the difficulties that many scientists anticipate in maintaining abundant supplies of clean water for municipal, agricultural, and industrial uses, it will be especially critical to anticipate and address climate change effects on forest watersheds and their role in water resource protection. Conserving native biodiversity will also be a major challenge, now that it is clear that the prevailing strategy of in situ protection through designation of preserves and other protected areas is likely to be inadequate as species begin to migrate in response to climate change.
The continuing engagement and cooperation of scientists, resource managers, and stakeholders in "science-management partnerships" will play an essential role, enabling forest managers and stakeholders to communicate an evolving set of needs and opportunities, and allowing scientists to communicate immediately useful information that facilitates the development of practical solutions that reduce the vulnerability of natural and human systems to the effects of climate change.
